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ABSTRACT
We present the widest-field resolved stellar map to date of the closest (D ∼ 3.8 Mpc) massive
elliptical galaxy NGC 5128 (Centaurus A; Cen A), extending out to a projected galactocentric radius
of ∼ 150 kpc. The dataset is part of our ongoing Panoramic Imaging Survey of Centaurus and Sculptor
(PISCeS) utilizing the Magellan/Megacam imager. We resolve a population of old red giant branch
stars down to ∼ 1.5 mag below the tip of the red giant branch, reaching surface brightness limits as low
as µV,0 ∼ 32 mag arcsec
−2. The resulting spatial stellar density map highlights a plethora of previously
unknown streams, shells, and satellites, including the first tidally disrupting dwarf around Cen A
(CenA-MM-Dw3), which underline its active accretion history. We report 13 previously unknown
dwarf satellite candidates, of which 9 are confirmed to be at the distance of Cen A (the remaining
4 are not resolved into stars), with magnitudes in the range MV = −7.2 to −13.0, central surface
brightness values of µV,0 = 25.4−26.9 mag arcsec
−2, and half-light radii of rh = 0.22−2.92 kpc. These
values are in line with Local Group dwarfs but also lie at the faint/diffuse end of their distribution;
interestingly, CenA-MM-Dw3 has similar properties to the recently discovered ultra-diffuse galaxies
in Virgo and Coma. Most of the new dwarfs are fainter than the previously known Cen A satellites.
The newly discovered dwarfs and halo substructures are discussed in light of their stellar populations,
and they are compared to those discovered by the PAndAS survey of M31.
Subject headings: galaxies: groups: individual (CenA) — galaxies: halos — galaxies: dwarf — galaxies:
photometry
1. INTRODUCTION
The currently favored ΛCold Dark Matter (ΛCDM)
cosmological scenario is successful at reproducing the ob-
served properties of large-scale structures, but it encoun-
ters challenges at galactic scales, particularly at the low-
luminosity end (e.g., Weinberg et al. 2013). The ΛCDM
cosmology predicts a bottom-up hierarchical assembly of
structures, with the smallest halos critically contribut-
ing to the build-up of the most massive ones. The
number and physical properties of stellar streams associ-
ated with accreted halos are major predictions of ΛCDM
(e.g., Bullock & Johnston 2005; Johnston et al. 2008;
Cooper et al. 2010), and since dynamical timescales at
large galactocentric distances are comparable to the age
of the Universe, accretion events can be effectively caught
in the act in the outskirts of galaxies.
Disrupting satellites and streams are clearly de-
tected in the Milky Way (MW) and M31 (e.g.,
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Ibata et al. 1994; Belokurov et al. 2006; Grillmair
2006, 2009; Bonaca et al. 2012; Grillmair et al. 2013;
Bernard et al. 2014; Ibata et al. 2014; Koposov et al.
2014; Belokurov & Koposov 2016), but there are signif-
icant differences between them despite their shared en-
vironment and similar mass: the halo of M31 seems to
present a substantially larger number of substructures
than the MW (with the caveat that we might be miss-
ing some of the substructure of the MW due to our
position within it), indicating an enhanced level of in-
teraction and/or a more active and prolonged accre-
tion history (Richardson et al. 2008; Deason et al. 2013;
Pillepich et al. 2014; Dorman et al. 2015). The stochas-
ticity of the hierarchical assembly process implies that
a broad diversity of halo to halo substructure is ex-
pected at any given halo mass (e.g., Purcell et al. 2007)
due to different accretion histories (e.g., Johnston et al.
2008; Busha et al. 2010), and the relative contribu-
tions of in-situ star formation and disrupted satellites
remain poorly understood (e.g., Pillepich et al. 2014;
Tissera & Scannapieco 2014; Lu et al. 2015). While we
can study galaxies within the Local Group (LG) in the
most detail due to their proximity, they may not be rep-
resentative of generic MW-mass halos.
Streams/substructures are known to be a com-
mon feature in the halos of giant galaxies beyond
the LG (Mouhcine et al. 2010; Atkinson et al. 2013;
Mart´ınez-Delgado et al. 2010; Duc et al. 2015), thus
lending credence to ΛCDM models. However, their mere
detection only provides a qualitative comparison set with
simulations: more quantitative observational contraints
from a wide range of galaxies are urgently needed to
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verify predictions for the assembly of galaxy halos at a
deeper level. Halos and their satellites and substructures
in galaxies beyond the LG are extremely challenging to
survey because of their intrinsic faintness. Integrated
light studies suffer from degeneracies in age, metallicity
and extinction and, despite being able to detect low sur-
face brightness features and galaxies (e.g Atkinson et al.
2013; Merritt et al. 2014; Mart´ınez-Delgado et al. 2010;
Duc et al. 2015; Koda et al. 2015; Mihos et al. 2015;
Mu¨ller et al. 2015; Mun˜oz et al. 2015), they cannot eas-
ily constrain distances. The direct imaging of individual
stars is thus the ultimate way of revealing the informa-
tion locked in outer halos. From their position in the
color-magnitude diagram (CMD), it is possible to derive
the stars’ physical properties, such as metallicity and/or
age, with generally less severe degeneracies with respect
to integrated studies, as well as accurate distances. Hub-
ble Space Telescope (HST) imaging can make strate-
gic contributions by drilling deep in selected, narrow
fields (e.g., Dalcanton et al. 2009; Radburn-Smith et al.
2011; Rejkuba et al. 2005, 2014; Monachesi et al. 2016),
but this strategy lacks the field of view to perform
panoramic assessments of galaxy halos. Only wide-field
imagers on ground-based telescopes can resolve stars over
large areas for nearby (D < 10 Mpc) galaxies, but few
such studies have been undertaken to date and they
cover at most a few tens of kpc into the target halos
(Mouhcine et al. 2010; Bailin et al. 2011; Barker et al.
2012; Greggio et al. 2014). A few pioneering works are
however underway to survey larger portions of the spiral
M81 (Chiboucas et al. 2009, 2013; Okamoto et al. 2015)
and the dwarf spiral/irregular NGC 3109 (Sand et al.
2015).
At the same time, the discovery of an en-
tirely new class of faint MW and M31 satel-
lites (MV & −8.0) one decade ago has opened
unexpected perspectives on galaxy formation at
these low luminosities/masses (e.g., Willman et al.
2005; Belokurov et al. 2007; McConnachie et al. 2009;
Martin et al. 2013), and continues to keep astronomers
engaged with the most recent Dark Energy Sur-
vey (DES) and Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS) discoveries
(e.g., Bechtol et al. 2015; Drlica-Wagner et al. 2015;
Kim et al. 2015; Kim & Jerjen 2015; Koposov et al.
2015; Laevens et al. 2015a,b; Martin et al. 2015). De-
spite our increasing knowledge of these lowest-
mass systems, the infamous “missing satellite” and
“too big to fail” problems (e.g., Moore et al. 1999;
Boylan-Kolchin et al. 2011) are still calling for a defini-
tive solution. The former problem, i.e., the overpredic-
tion of the number of dark matter subhalos around a
MW halo in simulations compared to the observed num-
bers, can be effectively tackled by extending the census
of low-mass satellites in environments beyond the LG.
We have addressed these challenges by starting an
ambitious wide-field observational campaign (Panoramic
Imaging Survey of Centaurus and Sculptor, or PISCeS)
to search for faint satellites and signs of hierarchical
structure formation in the halos of two nearby galax-
ies of different morphologies, the spiral NGC 253 (D ∼
3.5 Mpc; Radburn-Smith et al. 2011) and the elliptical
NGC 5128, or Centaurus A (Cen A, D ∼ 3.8 Mpc;
Harris et al. 2010). The former (similar in mass to the
MW; Karachentsev 2005) is the dominant galaxy in the
loose, elongated Sculptor group, while the latter (slightly
more massive than the MW; Woodley et al. 2007) resides
in a rich, more dynamically evolved group and shows
signs of a recent gas-rich accretion event, thus we are
probing opposite types of environment. Our project aims
at resolving the extended halos of these galaxies out
to projected radii (∼150 kpc) similar to those reached
by the Pan-Andromeda Archaeological Survey (PAn-
dAS, see McConnachie et al. 2009; Ibata et al. 2014) and
the Spectroscopic and Photometric Landscape of An-
dromeda’s Stellar Halo (SPLASH; Guhathakurta et al.
2005, 2006; Gilbert et al. 2012) around M31. PISCeS
will complement and extend similar deep halo work
in other nearby galaxy systems, sampling a range of
morphologies and environments, with the goal of ob-
taining quantitative constraints on theoretical predic-
tions. The PISCeS discoveries of two faint satellites
around each of NGC 253 and Cen A are already re-
ported in Crnojevic´ et al. (2014b), Sand et al. (2014)
and Toloba et al. (2016).
This paper presents the first general overview of the
PISCeS survey for Cen A, within the coverage obtained
to date (∼70% of the total planned area). In §2 we de-
scribe our survey and the data reduction process, while
in §3 we present the global properties of the stellar pop-
ulations and spatial stellar density map of the halo of
Cen A. In §4 we focus on the new streams and substruc-
tures in the halo of Cen A and on their distances, as well
as on the properties (surface brightness profile, structural
parameters, luminosity) of its most robust newly discov-
ered satellites, i.e., those confirmed to be at the distance
of Cen A. In §5 we discuss the current results and the
future contributions stemming from the PISCeS survey,
which will include an investigation of the halo of Cen A
profile, a detailed analysis of its satellites’ stellar pop-
ulations, and the derivation of the satellite luminosity
function of Cen A in light of our detection limits.
2. THE PISCES SURVEY
The outer halo of Cen A has been targeted as
part of the PISCeS survey with the Megacam imager
(McLeod et al. 2015) on the Magellan Clay 6.5-m tele-
scope, Las Campanas Observatory. Megacam has a
∼ 24′× 24′ field-of-view and a binned pixel scale of 0.′′16.
Over the course of 25 nights during the first semesters
of 2010, 2011, 2013, 2014 and 2015, we have observed 80
fields around Cen A, out of which 5 had to be completely
discarded due to poor observing conditions. The survey
to date covers ∼11 deg2 and reaches out to a projected
radius of ∼150 kpc in the North and East direction and
∼100 kpc in the South and West direction, with an ad-
ditional extension along the North-West minor axis of
Cen A out to ∼200 kpc. The final year of observations
is planned to be 2016, when we will reach the complete
survey area of ∼15 deg2 by targeting the regions South
and South-West of Cen A out to ∼150 kpc.
A typical pointing taken in good seeing conditions is
observed for 6 × 300 sec in both g- and r-band, except
for a few cases where fewer individual exposures per fil-
ter were taken. The median seeing throughout the sur-
vey to date has been ∼0.′′65, the best/worst seeing be-
ing ∼0.′′5/1.′′3 in both bands. In poorer seeing condi-
tions (&0.′′9) or in the presence of clouds, we increase
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the exposure time by up to a factor of two. The expo-
sure times and seeing conditions for each pointing will
be fully reported in a future contribution, together with
the final photometric catalogues. The individual expo-
sures have been dithered in order to fill in the gaps be-
tween the 36 Megacam CCDs. The reduction process
is performed by the Smithsonian Astrophysical Obser-
vatory Telescope Data Center, using a dedicated code
developed by M. Conroy, J. Roll and B. McLeod, and
details can be found in McLeod et al. (2015). Briefly,
after standard pre-processing steps (overscan, bias, dark
correction, flat-fielding, cosmic ray rejection, defringing,
illumination correction, astrometric solution), the indi-
vidual exposures are regridded and combined into stacks
using SWARP (Bertin 2010).
We perform point spread function (PSF)-fitting pho-
tometry on each of the stacked final images (rather than
on the individual exposures), using the suite of programs
DAOPHOT and ALLFRAME (Stetson 1987, 1994). To
construct a reliable PSF model, we pick ∼ 300 − 400
isolated, non-saturated bright stars across the Megacam
field-of-view and allow the model solution to vary as a
function of position. The typical variation of the PSF
across the field-of-view is on the order of ∼ 5% − 10%.
We set our source detection limit to 3 σ above the back-
ground level, and derive photometry for each band with
ALLSTAR. The catalogues for each band are matched
with DAOMATCH/DAOMASTER (Stetson 1993), and
then a final round of photometry is performed simulta-
neously in both bands through ALLFRAME, in order to
increase photometric depth. Given the wide range of ob-
serving conditions, the quality cuts applied to the pho-
tometric catalogues are tailored to each pointing, and
fluctuate around sharpness values of |sharp| < 3 and
around χ < 1.5. These cuts eliminate most contaminant
galaxies.
Once the clean photometric catalogues are obtained for
each pointing, we proceed to calibrate the instrumental
magnitudes to the Sloan Digital Sky Survey (SDSS) sys-
tem. Overlaps between adjacent pointings are part of our
observing strategy, and are used to calibrate those point-
ings aquired under non-photometric conditions. Out of
the 25 nights of observations, 8 were photometric: dur-
ing each of these nights we observed two to three equa-
torial SDSS fields at different airmasses. We linearly de-
rive zeropoints and color terms and their relative airmass
dependence, and apply the calibration to all the point-
ings taken on that photometric night. For the remainder
of the pointings, we propagate the calibration based on
the overlapping regions, which are ∼2 arcmin wide. We
derive pointing-to-pointing zeropoints and color terms
from these overlaps, using on average ∼ 100− 300 refer-
ence bright stars with calibrated magnitudes in the range
19 < r < 22 and with photometric errors smaller than
0.05 mag. We ultimately compare pointings at opposite
sides of the surveyed area in order to check our calibra-
tion: the overall median calibration uncertainty is esti-
mated to be ∼ 0.03 mag for each band across the entire
survey. We finally trim the overlapping edges for adja-
cent pointings, keeping the photometry from the deepest
one within each considered pair.
The final calibrated catalogues are dereddened on a
source-by-source basis by interpolating the Schlegel et al.
(1998) extinction maps and the Schlafly & Finkbeiner
(2011) correction coefficients: Ag = 3.303 × E(B − V )
and Ar = 2.285 × E(B − V ). The median reddening
over the surveyed area is E(B − V )∼0.12, with spatial
variations of up to ∼ 15%. For the rest of the paper we
will be assuming dereddened g0 and r0 magnitudes. In
Fig. 1, we present the global CMD of Cen A, which we
discuss in further detail in Sect. 3.
2.1. Artificial star experiments
Given the varying observing conditions, the photomet-
ric depth is not uniform across the survey area (see also
next section). It is thus critical to assess the photometric
uncertainties and incompleteness to meaningfully inter-
pret our wide-field dataset. For each pointing, we inject
a number of fake stars between 5 and 10 times the num-
ber of recovered bona-fide sources (i.e., after applying the
quality cuts to the photometric catalogues), distributed
into tens of experiments in order not to increase stel-
lar crowding artificially. The minimum number of fake
stars produced is ∼106 per pointing, and they are ho-
mogeneously distributed across the field-of-view of the
pointing. The fake stars have a similar color-magnitude
distribution to that of the observed sources, except for a
deeper extension at faint magnitudes (down to ∼2 mag
fainter than the faintest real recovered stars), so as to
take into account those faint objects that are upscattered
in the observed CMD due to noise. Their photometry is
derived exactly in the same way as for the real data, and
the same quality cuts and calibration are applied.
The overall photometric incompleteness is a product
of observing conditions (seeing and transparency), local
stellar crowding, and spatial coverage (e.g., holes in the
stellar distribution are often present due to saturated
foreground stars). The color-averaged 50% completeness
limit per pointing varies from r0∼24.5–26.2 and g0∼25.4–
27.3. In Fig. 2 we show the completeness curves in both
bands for a pointing taken under good seeing conditions
(∼0.′′55), as well as one with poorer seeing (∼1.′′00).
3. GLOBAL RESOLVED STELLAR HALO PROPERTIES
3.1. Global color-magnitude diagram
In Fig. 1 we show the dereddened global color-
magnitude diagram (CMD) across the PISCeS survey,
containing ∼ 5 × 106 stellar sources. We bin the CMD
into 0.05 × 0.05 mag pixels in color-magnitude space,
and display it in the form of a Hess density diagram
(square root scale). In the right panel, we overplot solar-
scaled Dartmouth isochrones in the SDSS filter system
(Dotter et al. 2008). The models are chosen to have a
fixed old age (12 Gyr) and varying [Fe/H] (from −2.5 to
−1.0 in 0.5 dex steps), to illustrate the position of old
red giant branch (RGB) stars at the distance of Cen A.
The contaminant sources are highlighted by this CMD:
1) Galactic foreground stars are distributed in two al-
most vertical sequences at magnitudes brighter than the
tip of the RGB (TRGB) in Cen A, at colors (g− r)0∼0.3
(Galactic halo) and ∼1.5 (Galactic disk); and 2) unre-
solved background galaxies are concentrated in a mag-
nitude range similar to that of Cen A RGB stars and
blueward of it, i.e., (g − r)0∼ 0.2. The presence of
intermediate-age stellar populations (∼ 1− 8 Gyr) is in-
dicated by asymptotic giant branch (AGB) stars above
the TRGB (old AGB stars at these magnitudes are far
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Fig. 1.— Left panel. De-reddened Hess diagram of the entire Cen A stellar catalogue to date. The CMD is binned into 0.05× 0.05 mag
pixels in both magnitude and color and displayed on a square root scale. Right panel. We overlay Dartmouth isochrones with a fixed age of
12 Gyr and varying metallicity from [Fe/H]= −2.5 to −1.0 (from left to right) in 0.5 dex steps, shifted to the distance of Cen A to indicate
the position of old RGB stars. The red box indicates our selection for RGB stars, and the accompanying RGB stellar map of Cen A is
presented in Fig. 3. The contaminant sequences are clearly identified with respect to the RGB population of Cen A: foreground stars are
mostly found above the TRGB at (g − r)0∼0.3 (Galactic halo) and ∼1.5 (Galactic disk), and their numbers drop significantly at fainter
magnitudes, while unresolved background galaxies are concentrated blueward of the RGB around (g − r)0∼ 0.2.
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Fig. 2.— Completeness curves in both g- (blue lines) and r-band
(red lines) for two pointings within the PISCeS survey taken under
different seeing conditions (as indicated). The dotted black line
denotes the 50 per cent completeness level.
less numerous); while this region of the CMD is heav-
ily contaminated by Galactic disk stars, they can still be
detected as local statistical overdensities with respect to
the contaminants. Similarly, unresolved galaxies at blue
colors overlap the locus of young massive stars, if they
are present. The possible young and intermediate-age
populations will not be further quantified in this contri-
bution.
In order to investigate the halo of Cen A and its
substructures on such large scales, we have to adopt
an RGB selection box that minimizes the fraction of
contaminants (see above) and at the same time min-
imizes the pointing-to-pointing variations due to in-
evitably varying observing conditions, i.e., photomet-
ric incompleteness. We therefore select the red box
drawn in Fig. 1, which has the following coordinates:
(g − r)0 = (0.68, 0.94, 1.27, 1.58, 1.58, 1.25) and r0 =
(26.10, 24.63, 24.63, 24.84, 25.80, 26.10). This box encom-
passes RGB stars with −2.5 .[Fe/H]. −0.7 and reaches
∼ 1.2 mag below the metal-poor TRGB (r0 = 26.1).
We allow the RGB box to extend ∼ 0.3 mag above the
TRGB as well (corresponding to a distance ∼ 300 kpc
closer than the nominal Cen A distance), in order to
take into account possible distance gradients in the halo
of Cen A, as well as photometric uncertainties.
3.2. Red giant branch spatial density map
We show the RGB spatial density map of Cen A in
Fig. 3, aimed at highlighting the substructure in its ex-
tended halo. RGB stars within the selection box drawn
in Fig. 1 are binned into 3 × 3 arcmin2 bins (this value
was chosen after visual inspection of sample maps pro-
duced with a range of bin sizes, with the aim of bal-
ancing spatial resolution and homogeneity). In this
map we exclude seven additional pointings obtained in
2010, which extend along the minor axis of Cen A in
the NW direction, and two separate pointings in the
South targeting two known Cen A dwarfs (KK196 and
KK203); we will present these data in a future contribu-
tion. We also leave out two additional pointings, centered
at (ξ = 1.0◦, η = 1.9◦) and (0.2◦, 0.3◦), because of their
low completeness; the latter, in particular, is located in
the very central, high density region, which would make
its contrast with the adjacent pointings even more ap-
parent. The completeness map for this region is also
shown in the same figure, and we derive it by counting
the number of recovered fake stars with respect to the
number of injected fake stars within the RGB selection
box in 3× 3 arcmin2 spatial bins, for each pointing. The
completeness map illustrates the wide range of observing
conditions under which these pointings were taken. The
RGB map is corrected by weighting the derived RGB
star counts in each spatial bin by the relative complete-
ness value, whenever the latter is higher than 20%. For
lower completeness values, we increase the stellar density
per bin to match the median density of surrounding bins
within a 40 < r < 50 bin annulus.
Our study is the first to contiguously map the extended
halo of any elliptical galaxy in resolved stars out to such
large galactocentric distances and down to such low sur-
face brightness limits (µV,0∼32 mag arcsec
−2). This
surface brightness limit is an approximate value (i.e.,
it varies from pointing to pointing) obtained from the
field-subtracted surface brightness profiles of the newly
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Fig. 3.— Upper panel. Density map of Cen A RGB stars, in standard coordinates centered on Cen A. Stars from the red selection box
illustrated in Fig. 1 are placed into 3×3 arcmin2 bins, and the counts are corrected for incompleteness (see Sect. 3.2 for details). The density
scale is shown on the right, while the physical scale is reported on the upper axis. The central pointing is highly incomplete due to extreme
stellar crowding, and we replace it with a composite color image of Cen A (credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss
et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray); image at http://www.eso.org/public/images/eso0903a/). Lower panel.
Completeness map for the region shown in the upper panel, for stars in the RGB selection box (the central pointing has been omitted).
The colorbar covers completeness values from 0% (0) to 100% (1).
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Fig. 4.— Same as the upper panel of Fig. 3: we label our 13 newly discovered dwarf candidates in blue (from CenA-MM-Dw1 to CenA-
MM-Dw13, where the label on the plot corresponds to the number of the dwarf), and the 4 previously known dwarfs in white. The red
labels indicate the most prominent stream and shell features in the halo of Cen A.
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discovered dwarfs (see Sect. 4.1.2). The central regions
of Cen A (the innermost ∼1×1 deg2 in Fig. 3) have pre-
viously been the target of several integrated light studies
(see, e.g., Israel 1998; Peng et al. 2002), which expose
signs of a recent merger event and of additional shells
by tweaking the contrast between surface brightness fea-
tures. We clearly resolve some of these previously known
features into stars, which appear saturated in our RGB
map as the contrast was tuned for much fainter features
in the outer halo of the galaxy. Even so, a number
of newly uncovered shells with embedded overdensities
show minor accretion events caught in the act – see po-
sitions (ξ = 0.3◦, η = 0.6◦) and (−0.4◦,−0.25◦), labeled
Shell 1 and Shell 2, respectively, in Fig. 4.
In addition, the unprecedented areal coverage clearly
shows the presence of an old, relatively metal-poor pop-
ulation across the whole survey, confirming prior results
with smaller fields-of-view (e.g., Crnojevic´ et al. 2013;
Rejkuba et al. 2014), along with a plethora of previ-
ously unknown streams and substructures. The over-
densities in the RGB spatial map not only uncover ex-
tremely low surface brightness features, but also al-
low us to discover very faint dwarfs around Cen A
(see also Crnojevic´ et al. 2014b). Within the survey
area there are only four previously known dwarfs, i.e.,
ESO324-24 (ξ = 0.3◦, η = 1.6◦), NGC5237 (2.2◦, 0.1◦),
KKs55 (−0.7◦, 0.3◦), and KK197 (−0.75◦, 0.5◦) (see, e.g.,
Karachentsev 2005; Karachentsev et al. 2007), and they
are labeled in white in Fig. 4. In the same area, we found
13 dwarf candidates (blue labels), which allow us to sig-
nificantly extend the faint end of the satellite luminosity
function of Cen A (see Sect. 4.3). At the same time,
red squares in Fig. 4 are placed on the most prominent
new streams and shells in the outer halo of Cen A (see
Sect. 4). We will discuss both the satellites and the sub-
structures in the next section, and we additionally show
a zoomed-in region of the large RGB map in Fig. 5, fo-
cused on the northern portion of the halo of Cen A.
Finally, we stress that the inevitable residual contam-
ination from foreground and background sources in our
RGB selection box does not significantly affect the pre-
sented density map. We have derived similar maps for
the contaminant sources and found them to be smooth
overall, and will present these maps in a forthcoming
paper on the smooth halo of Cen A vs its accreted sub-
structure.
4. NEWLY DISCOVERED SATELLITES AND HALO
SUBSTRUCTURES
Within the current survey footprint, we identified 13
candidate satellites of Cen A and several halo substruc-
tures. We first perform a visual inspection on smoothed
images, and subsequently complement the search by
identifying overdensities in the RGB density map. The
location of the new satellites/substructures with respect
to Cen A is shown in Fig. 4 (blue and red labels). Of
the 13 candidate satellites, we have already presented
the pair of dwarfs CenA-MM-Dw1 and CenA-MM-Dw2
in Crnojevic´ et al. (2014b). Seven additional candidates
(CenA-MM-Dw3 to CenA-MM-Dw9, named in order of
discovery) are robustly confirmed from the unambigu-
ous presence of RGB stars at the distance of Cen A
in their CMDs, while four (CenA-MM-Dw10 to CenA-
MM-Dw13) are only detected as surface brightness en-
TABLE 1
Coordinates of unresolved dwarf candidates
(Fig. 4).
Dwarf candidate RA (h:m:s) Dec (d:m:s)
Dw10 13:26:49.2 −43:00:00
Dw11 13:21:40.1 −43:04:57
Dw12 13:24:10.9 −42:08:23
Dw13 13:29:51.7 −43:31:10
hancements in the images and do not have a significant
resolved counterpart (i.e., we cannot constrain their dis-
tances with the method presented in the next subsec-
tion). These latter diffuse objects might be Cen A satel-
lites fainter than our detection limit, such that the num-
ber of RGB stars in our covered magnitude range is not
large enough for them to show up as overdensities, or
else they might be background galaxies. We report their
positions in Fig. 4 and in Table 1, but we do not consider
them further here.
We compute distances for all the newly discovered fea-
tures in halo of Cen A, and additionally derive surface
brightness profiles and structural parameters for the ro-
bust new candidate dwarfs. We briefly describe our
methods in the following subsection, and then discuss
the derived properties of our discoveries in more detail.
4.1. Methods
4.1.1. Distances
Distances throughout this paper are derived with
the TRGB method (e.g., Da Costa & Armandroff 1990;
Lee et al. 1993; Salaris et al. 2002; Rizzi et al. 2007), as
already described in Crnojevic´ et al. (2014b). Briefly,
the luminosity of the brightest old, metal-poor RGB
stars is nearly constant in red bands, and can thus be
used as a standard candle. We employ a Sobel detec-
tion filter to highlight the position of the sharp transi-
tion in the r-band luminosity function that indicates the
TRGB. The luminosity function is corrected for field con-
tamination, and it only includes those stars with colors
0.9 < (g − r)0 < 1.5 (corresponding to isochrones with
metallicities [Fe/H]= −2.5 to −1.0) in order to avoid con-
tamination from blue unresolved galaxies. The derived
r0,TRGB values are then transformed into distance mod-
uli by assuming MTRGBr = −3.01± 0.10 (see Sand et al.
2014); the resulting errors mainly depend on photometric
uncertainties and on the TRGB value calibration uncer-
tainty. As we will measure distances to the satellites and
to many surface brightness features in our Cen A RGB
map, we tabulate all of our results in Table 2 and Table 3,
referencing directly the features seen in Fig. 5.
4.1.2. Structural parameters and luminosities
For the candidate dwarfs, we compute the ellipticity
and position angle of their RGB stellar distribution with
the method of moments, as illustrated in detail in, e.g.,
Crnojevic´ et al. (2014a). To derive their surface bright-
ness profiles, we sum up the flux of RGB stars from our
selection box as a function of projected elliptical radius,
correct the results for incompleteness (averaged within
the RGB box), divide by the annulus area, subtract the
field level as derived from the regions shown in Fig. 5
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(see next subsection for details), and convert into sur-
face brightness. In order to account for unresolved light,
we furthermore derive the surface brightness of the in-
nermost datapoint (i.e., within a 0.5 arcmin radius for
CenA-MM-Dw3, and a 0.2 arcmin radius for the other
dwarfs, see Figs. 9–15) via direct aperture photometry
on the r-band image. The aperture photometry is per-
formed after masking foreground/background objects,
and the median pixel value (i.e., background level) for
that image is subtracted. We subsequently shift the first
point of the profile derived from individual RGB stars
to match the central aperture photometry value. With
this method we are able to efficiently trace the extremely
low surface brightness in the outer regions of our dwarf
targets via resolved RGB stars (see, e.g., Crnojevic´ et al.
2014a). The resulting profiles are shown in the bottom
panels of Figs. 9–15. We fit the exponential profiles via
least squares minimization to the surface brightness pro-
files, and obtain values for the half-light radius (rh) and
the central surface brightness (µr,0, which is translated
into µV,0 by adopting the Jester et al. 2005 conversion
factors). Finally, we compute absolute magnitudes by
integrating the best-fit exponential profile. All the de-
rived quantities are found in Table 3.
4.2. CenA-MM-Dw3 and its extended tidal tails
The RGB maps of Cen A show a clearly disrupting
dwarf galaxy with tidal tails spanning over 1.5 degrees,
which we dub CenA-MM-Dw3 (see Figs. 3 and 4). A
zoom-in RGB density map of the North-East portion of
the survey, containing CenA-MM-Dw3, is presented in
Fig. 5. We select the remnant of CenA-MM-Dw3 and a
few regions along its stream from the map in Fig. 5 (red
polygons) in order to have a closer look at their stellar
populations, and we label them e.g., ‘Dw3 S’, ‘Dw3 N’,
etc. The central coordinates for the selected regions are
reported in Table 2. We extract CMDs for these regions
and show them in Figs. 6, 7, 8. Given that the sub-
structures under study have been observed within differ-
ent Megacam pointings, at different projected distances
from the center of Cen A, and under a range of condi-
tions, we will plot the CMD of each one together with
a local “field” (i.e., background plus foreground, plus a
likely Cen A halo contribution) CMD extracted from the
same pointing: the closest blue dashed polygon to each
of the red boxes, or an average of the two closest poly-
gons, is adopted as its field (see Fig. 5), appropriately
scaled to the target substructure area.
In Fig. 6 we plot the CMD of the main galaxy rem-
nant, which shows a prominent, red RGB. Besides these
old stellar populations, CenA-MM-Dw3 also has an over-
density of sources above the TRGB which may possibly
indicate a population of intermediate-age (a few Gyr),
luminous AGB stars. No blue main sequence stars are
apparent, indicating no recent star formation.
4.2.1. Distance to CenA-MM-Dw3
The main body of CenA-MM-Dw3 lies 80 kpc in pro-
jection from Cen A. For this remnant we find a dis-
tance of r0,TRGB = 25.31 ± 0.16, which translates into
a distance modulus of (m −M)0 = 28.32 ± 0.19. This
value implies that CenA-MM-Dw3 is located slightly be-
hind Cen A, at a distance of 4.61 ± 0.42 Mpc. At this
distance, the highest surface brightness portion of the
tails of CenA-MM-Dw3 stretches for at least ∼ 120 kpc
(i.e., ∼ 1.5 deg on the sky), or more if they are not
co-planar. As a cross-check, we additionally derive the
distance modulus of Cen A from our many selected field
regions (see Fig. 5), i.e., for stars belonging to the outer
halo of Cen A. We obtain a range of values bracketed by
(m−M)0 = 27.82±0.19 and (m−M)0 = 28.22±0.19 and
with a mean value of (m−M)0 = 28.03± 0.15: this is in
agreement with the average of literature values obtained
via several methodologies ((m − M)0 = 27.91 ± 0.05;
Harris et al. 2010). Adopting the mean distance value to
Cen A from our dataset, the 3D distance of CenA-MM-
Dw3 to Cen A is 580± 500 kpc.
The distances of CenA-MM-Dw3 and Cen A itself are
consistent to within 2 σ. Nonetheless, we consider the
possibility of the latter not being the main disturber
of CenA-MM-Dw3. The next closest relatively massive
galaxy is NGC5408 (MV ∼ −17.0), an irregular galaxy
located at 4.8± 0.5 Mpc and ∼ 6 deg away from CenA-
MM-Dw3 (Karachentsev et al. 2007). The 3D distance
between CenA-MM-Dw3 and NGC5408 is 530±200 kpc.
While not significantly different from the distance be-
tween CenA-MM-Dw3 and Cen A, the latter is much
more massive and is thus more plausibly the culprit for
the heavy tidal disruption experienced by our target. In
addition, the radial velocity of NGC5408 is lower than
that of Cen A by ∼ 10%, such that a radial velocity mea-
surement for CenA-MM-Dw3 might help solve this ques-
tion. Only detailed simulations will be able to shed light
onto these possibilities. If Cen A is indeed the main per-
turber of CenA-MM-Dw3, the morphology of this long
stream can additionally constrain the dark matter halo
mass of Cen A (e.g., Amorisco 2015; Pearson et al. 2015).
4.2.2. Distances along the stream of CenA-MM-Dw3
We further characterize the properties of CenA-MM-
Dw3 by deriving distances along its stream. We select
two regions to the South-East (dubbed Dw3 S and SE in
Fig. 5), a region encompassing the higher density feature
along its northern elongation (Dw3 N), a region located
in the same direction and just South of the dwarf galaxy
ESO324-24 (ESO324-24 S), and the very low density
region to the far North-West of CenA-MM-Dw3 (Dw3
NW).
The CMDs of Dw3 S, Dw3 SE and Dw3 NW are shown
in Fig. 7. Despite a varying completeness level, the RGBs
in these regions are comparable to the one shown in Fig. 6
for the remnant of CenA-MM-Dw3. We derive TRGB
values and distance moduli as follows: r0,TRGB = 25.17±
0.19 and (m−M)0 = 28.18± 0.21 for Dw3 S, r0,TRGB =
25.08± 0.16 and (m−M)0 = 28.09± 0.19 for Dw3 SE,
r0,TRGB = 25.11± 0.17 and (m−M)0 = 28.12± 0.19 for
Dw3 N. The derived values are all consistent with each
other, and with the distance modulus of CenA-MM-Dw3
within the errorbars ((m−M)0 = 28.32± 0.19).
Given the proximity of the northwestern portion of the
stream to the dwarf irregular ESO324-24 (MB ∼ −14.9;
Coˆte´ et al. 2009), we investigate a possible spatial over-
lap in their stellar populations. ESO324-24 presents
a perturbed HI morphology: its asymmetric gas tail
(pointing towards the NE), together with its gas kine-
matics, suggest it is undergoing ram pressure stripping
from the northern radio lobe of Cen A (Johnson et al.
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Fig. 5.— Left panel. RGB density map for a zoomed-in region containing the most prominent substructures discovered in the northern
portion of the survey (see Fig 4 and Sect. 4). Red boxes indicate the regions for which CMDs are drawn in Fig. 9–16; blue dashed boxes
indicate the field regions chosen on a pointing-to-pointing basis for the red boxes. Right panel. Same as left panel, for the pointing
containing Shell 2 (located to the South-West of the center in Fig. 4).
Fig. 6.— Dereddened color-magnitude diagram for CenA-MM-Dw3 (region labeled as Dw3 in Fig. 5). We overplot isochrones shifted
to the measured distance of the dwarf, with a 12 Gyr age and metallicities [Fe/H]= −2.0, −1.5 and −1.0 (from left to right). The red
dashed line indicates the 50% completeness level, and photometric errors as derived from artificial star tests are drawn on the left side of
the CMD. A background field CMD drawn from the same pointing (dashed blue rectangles next to Dw3 in Fig. 5) and rescaled to the box
area of CenA-MM-Dw3 is shown for comparison in the middle panel. The right panel is a Hess diagram of the CMD of CenA-MM-Dw3
after background subtraction. The red dot-dashed line indicates the derived TRGB magnitude.
2015). However, its resolved stellar content does not re-
veal clear signs of distortion. The CMDs we discuss are
shown in Fig. 8. First, we compute the distance for a re-
gion in the outskirts of ESO324-24: in this way we avoid
the high density central regions (stellar crowding is the
culprit for the hole seen at the center of this galaxy, see
e.g., Fig. 5), as well as the most recent star formation
pockets closer to the central parts of this dwarf (e.g.,
Coˆte´ et al. 2009). We obtain r0,TRGB = 24.90±0.16 and
(m −M)0 = 27.91 ± 0.19, in good agreement with the
(m −M)0 = 27.84 ± 0.05 listed in Jacobs et al. (2009).
The stream portion below ESO324-24 (ESO324-24 S) has
r0,TRGB = 25.18± 0.19, thus (m −M)0 = 28.19± 0.20,
which is slightly closer to the rest of the stream rather
than to the values of ESO324-24. This suggest that this
low surface brightness elongation is not associated with
the latter, but with CenA-MM-Dw3. The lack of further
density enhancements on the opposite side of ESO324-24,
or of obvious signs of distortion in its main body, support
this interpretation. Finally, for the north-western over-
density (Dw3 NW) we obtain r0,TRGB = 24.81 ± 0.17,
thus (m−M)0 = 27.82±0.19: this feature is closer (along
the line of sight) than, and probably does not belong to,
the stream of CenA-MM-Dw3.
4.2.3. Structural parameters and luminosity
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Fig. 7.— Dereddened color-magnitude diagrams for three regions along the stream of CenA-MM-Dw3 (rectangles labeled Dw3 S, Dw3
SE, Dw3 N in Fig. 5). The panels are the same as in Fig. 6, while the incompleteness levels, photometric uncertainties and adopted field
regions change on a pointing-to-pointing basis. The TRGB is recomputed for each of the selected regions and the isochrones are shifted to
the appropriate distance. The selected stream regions are consistent with the distance found for CenA-MM-Dw3.
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TABLE 2
Central coordinates of and distances to halo substructures (see Fig. 5).
Substructure RA (h:m:s) Dec (d:m:s) (m−M)0 (mag) D (Mpc)
Cen Aa 13:25:27.6 −43:01:09 27.91± 0.05 3.80± 0.10
Cen A (this work) – – 28.03± 0.15 4.04± 0.29
CenA-MM-Dw3 13:30:21.5 −42:11:33 28.32± 0.19 4.61± 0.42
Dw3 S 13:31:02.6 −42:21:54 28.18± 0.21 4.33± 0.44
Dw3 SE 13:32:18.0 −42:36:54 28.09± 0.19 4.15± 0.44
Dw3 N 13:28:27.6 −41:51:00 28.12± 0.19 4.20± 0.39
ESO324-24 13:27:32.4 −41:33:00 27.91± 0.19 3.82± 0.36
ESO324-24 S 13:27:03.6 −41:37:30 28.19± 0.20 4.35± 0.41
Dw3 NW 13:23:57.6 −41:42:00 27.82± 0.19 3.66± 0.34
Second stream 13:31:54.0 −41:51:00 28.03± 0.19 4.04± 0.37
Shell 1 13:26:45.6 −42:22:30 28.43± 0.20 4.75± 0.46
Shell 2 13:23:21.6 −43:14:06 28.20± 0.20 4.36± 0.40
a Value from Harris et al. (2010).
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Fig. 8.— CMDs for the previously known Cen A satellite ESO324-24 and for two stream regions located to its immediate South and to
its far West (see Fig. 5). Note that the adopted color/magnitude bins for the subtracted Hess diagram of Dw3 NW are larger than for the
other regions because of low counts. Based on the difference in the derived TRGB values, we argue that the region immediately to the
South of ESO324-24 still belongs to the stream of CenA-MM-Dw3, while the region to the North-West might constitute a separate tidal
feature in the halo of Cen A.
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Fig. 9.— Upper panels. Density map of CenA-MM-Dw3 RGB stars, after completeness correction. The color scales indicate RGB
stellar density (left) and r-band surface brightness (right). The left panel shows the four azimuthal wedges that divide the remnant of
CenA-MM-Dw3 into “tidal tail-free” (NE and SW) and “tidal tail” (NW and SE) regions. For the right panel, position angle and ellipticity
are recomputed for radial annuli with semimajor axis lengths of 1.2, 2.4, 3.6, 4.8, and 6.0 arcmin and red ellipses are drawn accordingly.
Lower panel. Surface brightness profiles in r-band for CenA-MM-Dw3, where the average ellipticity has been adopted (see Table 3). The
azimuthally-averaged profile is shown with filled black points, while the profiles derived in two different directions (SE and NE wedges, see
upper left panel) are shown with red symbols, filled for the tidal-tail wedge and hollow for the wedge perpendicular to that. The profiles
have been corrected for incompleteness and the field level has been subtracted. The best-fit exponential profile is indicated with a black
dashed line and only fits datapoints within the innermost 3 arcmin to avoid the tidal tails.
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We draw RGB isodensity contour maps (after incom-
pleteness correction) of the pointing containing CenA-
MM-Dw3 in the upper panels of Fig. 9. The adopted
RGB selection box is similar to the one drawn in Fig. 1,
but slightly adjusted to follow the 50% completeness
limits for this pointing (the color-averaged values are
r0 ∼ 26.2 and g0 ∼ 26.9).
We compute the ellipticity and position angle as a
function of radius for the remnant of CenA-MM-Dw3.
The derived values are adopted to draw ellipses for in-
creasingly large annuli centered on CenA-MM-Dw3 (see
Fig. 9). While the main body of the remnant appears
almost circular, the outer annuli show a progressive elon-
gation culminating in the tidal tails, and the major axis
of the stellar distribution twists to end up almost perpen-
dicularly to the direction of the main body. In Table 3
we report the average ellipticity derived for the innermost
2 arcmin of the galaxy.
To derive a surface brightness profile, we first subdi-
vide the galaxy into four wedges with the same area,
two of which are aligned with the tails. We then de-
rive an azimuthally averaged surface brightness profile,
as well as profiles in two directions, one along and one
perpendicular to the tails (SE and NE wedges, respec-
tively, in the upper left panel of Fig. 9). The resulting
profiles are shown in the bottom panel of Fig. 9. The
SE and NE profiles remain comparable to each other
out to a radius of ∼ 2.5 arcmin, beyond which the
SE profile (i.e., the tidal tail direction) consistently re-
mains above the NE one. The exponential profile is a
good fit to the “unperturbed” surface brightness profile
(even though it clearly underestimates the global pro-
file) and returns a very large half-light radius (rh =
2.92 ± 0.20 kpc) together with a remarkably low cen-
tral surface brightness (µr,0 = 26.3 ± 0.1 mag arcsec
−2,
or µV,0 = 26.7±0.1 mag arcsec
−2). The absolute magni-
tude of CenA-MM-Dw3 is obtained asMV = −13.0±0.4,
which is comparable to that of the disrupting MW satel-
lite Sagittarius (MV = −13.5±0.4). Given the advanced
state of disruption of this galaxy, this luminosity is likely
much less than the undisrupted luminosity of the galaxy.
As a rough estimate of CenA-MM-Dw3’s original lu-
minosity, we quantify the number of RGB stars along
its tails, approximately in between the Dw3 SE and the
ESO324-24 S boxes (see Fig. 5). This number is ∼ 8
times higher than the number of RGB stars in the Dw3
box: assuming that the tails entirely belong to CenA-
MM-Dw3, this implies that its total unperturbed magni-
tude might have been ∼ 2 mag brighter than our estimate
for the remnant (i.e., MV ∼ −15.0).
4.3. Properties of the most robust newly discovered
satellites
In this subsection, we present the discovery CMDs,
stellar spatial distributions and structural properties for
our six robust new satellite discoveries, besides CenA-
MM-Dw1, CenA-MM-Dw2 and CenA-MM-Dw3. Their
derived properties are listed in Table 3.
The CMDs of the newly discovered dwarfs show pre-
dominantly old populations, and none of them presents
significant signs of more recent star formation (i.e., blue
stars or luminous AGB stars; upper panels in Figs. 10–
15). Their RGBs are consistent with relatively metal-
poor isochrones (indicatively [Fe/H]∼ −2.0/− 1.5), even
though the low number of detected stars renders a more
precise quantification difficult from this dataset. Because
of the sparsity of their RGBs, for each of these six dwarfs
we also report their luminosity functions convolved with
the Sobel filter (see Sect. 4.1.1) alongside their CMDs.
In most cases this returns a clear maximum which corre-
sponds to the TRGB, however for CenA-MM-Dw5 (the
least populated in the sample) the luminosity function
presents two comparable maxima. We take the TRGB
value to be the average of the maxima’s magnitudes,
which translates into a larger uncertainty in CenA-MM-
Dw5’s distance (see Table 3).
As for CenA-MM-Dw3, we find exponential profiles
to be a good fit for all the other dwarfs (lower panels
in Figs. 10–15). From the exponential profiles we de-
rive their absolute magnitudes, which cover three mag-
nitudes, from MV = −7.2 (CenA-MM-Dw5) to −9.8
(CenA-MM-Dw4). The best-fit profiles also return val-
ues for their central surface brightness (µV,0 = 25.4 −
26.9 mag arcsec−2) and half-light radii (rh = 0.22 −
0.58 kpc). None of these galaxies are visible in Digitized
Sky Survey (DSS) images because of their low central
surface brightness and/or luminosity.
Within these six newly discovered dwarfs, three ob-
jects are relatively small and compact (rh < 0.31 ar-
cmin, or rh < 0.35 kpc), namely CenA-MM-Dw4, CenA-
MM-Dw5 and CenA-MM-Dw6. The magnitude, half-
light radius, and surface brightness of CenA-MM-Dw4
are comparable to those of Carina, AndV, and AndXVII
in the LG (see McConnachie 2012, for LG dwarfs’ proper-
ties). The properties of CenA-MM-Dw5 closely compare
to those of AndXIII and AndXXVI; this is the faintest
PISCeS discovery among our dwarf candidates’ sample,
as well as the least luminous galaxy discovered beyond
the LG, with MV = −7.2 and µV,0 = 26.9 mag arcsec
−2.
CenA-MM-Dw6 is similar in its properties to AndX and
AndXXVIII.
The remaining three dwarfs, CenA-MM-Dw7, CenA-
MM-Dw8 and CenA-MM-Dw9, are distinguished by
fairly large half-light radii (rh > 0.37 arcmin, or rh >
0.36 kpc), and they all have elongated shapes. In par-
ticular, CenA-MM-Dw7, despite having a similar lumi-
nosity to that of CenA-MM-Dw6, has a surface bright-
ness one magnitude lower and a half-light radius almost
twice as large, and it is comparable to CVnI, AndIX and
AndXXVII. Given its proximity to the center of Cen A
(it is the closest dwarf in projection from our sample)
and its rather elongated shape (Fig. 13), CenA-MM-Dw7
might be in the process of being tidally affected by its
giant host, even though our density maps/surface bright-
ness profile do not reveal any signs of structure around
the main body of CenA-MM-Dw7 (the significant con-
tamination from the halo of Cen A stars at the position
of CenA-MM-Dw7 is however evident from its CMD).
The luminosity, surface brightness and half-light radius
of CenA-MM-Dw8 closely resemble the recently discov-
ered AndXXV and AndXXI; this dwarf is both brighter
(MV = −9.7) as well as more diffuse (rh = 0.58 kpc
for µV,0 = 26.6 mag arcsec
−2) than CenA-MM-Dw7 and
CenA-MM-Dw9. Finally, CenA-MM-Dw9 and AndXIV
have similar properties.
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Fig. 10.— Upper panels. Dereddened color-magnitude diagram for stars within a box of 0.6 × 0.6 arcmin2 centered on CenA-MM-Dw4
(left panel). The isochrones are shifted to the measured distance of the dwarf, with a 12 Gyr age and metallicities [Fe/H]= −2.5, −2.0
and −1.5. The red dashed line indicates the 50% completeness level, and photometric errors as derived from artificial star tests are drawn
on the left side of the CMD. The inset plot shows the luminosity function after convolution with a Sobel filter, and the derived TRGB
magnitude (red dashed line). A background field CMD drawn from the same pointing and rescaled in area is shown for comparison in the
middle panel. The right panel is a background-subtracted Hess diagram. The red dot-dashed line indicates the derived TRGB magnitude.
Lower left panel. Surface brightness profile in r-band as a function of radius. The profile has been corrected for incompleteness and the
field level has been subtracted. The best-fit exponential profile is indicated with a black dashed line. Lower right panel. 3 × 3 arcmin2
cutout of the RGB stars spatial distribution in the Magellan/Megacam pointing containing CenA-MM-Dw4, centered on the dwarf. The
red circle is at the dwarf’s half-light radius.
TABLE 3
Properties of the newly discovered dwarfs.
Parameter Dw3 Dw4 Dw5 Dw6 Dw7 Dw8 Dw9
RA (h:m:s) 13:30:21.5±1” 13:23:02.6±1” 13:19:52.4±1” 13:25:57.7±1” 13:26:28.7±1” 13:33:34.1±1” 13:33:01.5±1”
Dec (d:m:s) −42:11:33±9” −41:47:11±8” −41:59:38±9” −41:05:39±9” −43:33:25±9” −41:36:29±8” −42:31:49±9”
(m−M)0 (mag) 28.32± 0.19 27.96± 0.25 27.67± 0.38 27.78± 0.22 27.65± 0.19 27.70 ± 0.20 27.90± 0.20
D (Mpc) 4.61± 0.42 3.91 ± 0.48 3.42± 0.65 3.61± 0.38 3.38± 0.32 3.47± 0.33 3.81± 0.36
ǫ 0.29± 0.19 <0.30c <0.61c <0.56c 0.28± 0.14 0.26± 0.22 0.13± 0.12
rh (arcmin) 2.21± 0.15 0.31 ± 0.08 0.21± 0.04 0.29± 0.01 0.37± 0.10 0.60± 0.06 0.39± 0.02
rh (kpc) 2.92± 0.20
a 0.35 ± 0.10 0.22± 0.04 0.30± 0.01 0.36± 0.09 0.58± 0.05 0.42± 0.03
µr,0 (mag arcsec
−2) 26.3± 0.1 25.0± 0.5 26.5± 0.5 25.5± 0.1 26.3± 0.7 26.2± 0.3 26.1± 0.2
µV,0 (mag arcsec
−2) 26.7± 0.1 25.4± 0.7 26.9± 0.7 25.9± 0.1 26.7± 0.9 26.6± 0.4 26.6± 0.3
MV (mag) −13.0± 0.4
b
−9.8± 1.1 −7.2± 1.0 −9.0± 0.4 −8.6± 1.3 −9.7± 0.5 −9.1± 0.4
L∗ (10
5L⊙) 129.2± 44.3 6.8± 8.4 0.6± 0.7 3.4± 1.1 2.4± 3.4 6.7± 3.5 3.6± 1.4
MHI
d (106M⊙) . 5.7 . 4.6 . 3.6 . 3.4 . 4.2 . 2.3 . 4.4
MHI/L∗ (M⊙/L⊙) . 0.4 . 6.8 . 59.7 . 10.0 . 17.4 . 3.4 . 12.3
a This is an indicative value only, since the studied galaxy is being heavily disrupted.
b Excluding tidal tails.
c Only upper limits on the ellipticity, ǫ, were measurable.
d 5 σ upper limits from HIPASS.
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Fig. 11.— Same as Fig 10, for CenA-MM-Dw5. In this case the luminosity function presents two comparable maxima, thus we take the
TRGB to be the average of their values.
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Fig. 12.— Same as Fig 10, for CenA-MM-Dw6.
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Fig. 13.— Same as Fig 10, for CenA-MM-Dw7. The dwarf CMD contains stars within a box of 0.9× 0.9 arcmin2 centered on CenA-MM-
Dw7, and the RGB spatial distribution is shown for a 4 × 4 arcmin2 region. The contamination from Cen A halo stars is very strong for
this dwarf and thus its CMD appears washed out.
4.4. Additional shells and streams
Besides the prominent tidal structure of CenA-MM-
Dw3, the halo of Cen A hosts a variety of other previously
unknown overdensities. We focus on four of them, as
selected from Figs. 4 and 5 (coordinates for these features
are found in Table 2).
Second stream. This stream is clearly identified to
the East of the main body of Cen A, and South of
CenA-MM-Dw3. This stream, thinner with respect to
the tails of CenA-MM-Dw3, does not host a clear com-
pact remnant. We draw a CMD from its densest portion
(upper panel of Fig. 16), which might contain what is
left of its progenitor. At this point, the stream seems
to bend back towards Cen A, and significantly drops
in stellar density. On the opposite end, the stream
points towards the northern part of the Cen A major
axis overdensity (Crnojevic´ et al. 2013) but fades before
reaching it, such that a possible connection between the
two substructures cannot be assessed. With the TRGB
method described in Sect. 4.1.1, we derive the distance
to this second stream, finding r0,TRGB = 25.02± 0.16, or
(m −M)0 = 28.03 ± 0.19. From its CMD, the second
stream seems to host an old RGB without the presence
of younger populations. We argue that the progenitor of
this second stream must have not been very massive, and
its remnant may be already stretched to the point that
we cannot recognize any signs of its original appearance.
Shell 1. We call the feature directly to the North of
Cen A Shell 1, which becomes apparent to the West
of the major axis and assumes a loop-like shape for
∼ 0.25 deg. The substructure apparently does not ex-
tend beyond this one pointing, but this may be due to
incompleteness effects. The adjacent pointing to its West
has a lower completeness, but even after our incomplete-
ness correction (see Fig. 5) the Shell 1 structure does
not seem to be detected further in this direction. The
CMD in Fig. 16 shows a very high stellar density, such
that crowding introduces significant incompleteness. The
RGB along Shell 1 appears broad, likely extending to
large colors/metallicities given the rapidly dropping com-
pleteness. The TRGB is found at r0,TRGB = 25.42±0.17,
giving (m−M)0 = 28.43± 0.20, a difference of ∼ 2.5 σ
from the distance of Cen A, but this value requires con-
firmation due to the high uncertainty.
Shell 2. Located directly to the West of the center of
Cen A, Shell 2 resembles the shape of Shell 1. We can
trace this substructure extending North from its high-
est density point (a possible remnant, see Figs. 3 and
5), the latter being clearly separated by a density gap
from the inner halo of Cen A and running parallel to
it. Beyond this pointing, the shape of Shell 2 becomes
less defined and constitutes a lower density “envelope”
to the smooth component of Cen A, but it does retain
a sharp break with respect to the region to its imme-
diate West (see Fig. 3). The CMD for Shell 2 returns
r0,TRGB = 25.19 ± 0.17, and (m −M)0 = 28.20 ± 0.20.
As for Shell 1, the incompleteness due to crowding is high
at this galactocentric distance.
Cloud S. We additionally detect a stellar density en-
hancement to the South of Cen A, i.e., a broad cloud-like
structure extending from ξ ∼ −0.8◦ to +0.4◦ at η ∼ −1◦,
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Fig. 14.— Same as Fig 13, for CenA-MM-Dw8.
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Fig. 15.— Same as Fig 13, for CenA-MM-Dw9.
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Fig. 16.— Further CMDs of prominent Cen A halo substructures: the apparently progenitor-less Second stream and the shells located
to the North of Cen A (Shell 1) and to its South-West (Shell 2; see Fig. 5).
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which we call Cloud S (labeled in Fig. 4). The stellar
density with respect to the background halo is very low
and we do not show a CMD for this region, but its ex-
tension across a number of Megacam pointings suggests
that it is a real structure. A similar feature can be seen
in the halo of M31, although the latter has a higher stel-
lar density (SW Cloud, e.g., Bate et al. 2014). From its
shape, it does not seem to be connected to any of the
other substructures presented here.
5. DISCUSSION AND CONCLUSIONS
We have presented the widest-field RGB map to date
of the extended halo of Cen A (Figs. 3 and 4), the
closest elliptical galaxy. Our deep Magellan/Megacam
imaging allows us to resolve old red giant branch pop-
ulations out to a projected galactocentric radius of
∼ 150 kpc, reaching very low surface brightness val-
ues (µV,0 ∼ 32 mag arcsec
−2) and uncovering previ-
ously unknown tidally induced features and low-mass
galaxies. In this contribution we described the most
prominent of these features, including a disrupting satel-
lite, pointing to the active interaction/accretion history
for Cen A. We additionally introduced 13 newly dis-
covered candidate satellites of which 9 are confirmed
to be at the distance of Cen A (including the dis-
rupting object), with absolute magnitudes in the range
MV = −7.2 to −13.0, central surface brightness values
of µV,0 = 25.4−26.9 mag arcsec
−2, and half-light radii of
rh = 0.22− 2.92 kpc. The remaining 4 (unresolved) can-
didate satellites may be fainter than our detection lim-
its (MV < −7), or alternatively background unresolved
galaxies. Two HST imaging programs (GO-13856 and
GO-14259, PI: Crnojevic´) have already been approved to
follow-up the newly discovered satellites (15 orbits) and
the most prominent substructures in the halo of Cen A
(20 orbits), respectively.
We can qualitatively compare the number and prop-
erties of the most prominent Cen A substructures to
the ones found in M31 by PAndAS. A direct compari-
son is not straightforward due to the fact that the PAn-
dAS survey reaches ∼ 3.5 mag below the TRGB (e.g.,
Ibata et al. 2014), while PISCeS is limited to ∼ 1.5 –
2 mag because of the larger distance of our target galaxy
(D ∼ 3.8 Mpc). Prior to PAndAS, the INT/WFC sur-
vey of the inner regions of M31 (Ferguson et al. 2002) led
the charge with a combination of wide-field ground-based
data and deep HST follow-up imaging (Ferguson et al.
2005; Richardson et al. 2008, 2009; Bernard et al. 2015).
We seek to emulate this model with the current gen-
eration of wide-field imagers (e.g., Magellan/Megacam,
Subaru/HyperSuprimeCam).
The PISCeS coverage of Cen A to date reveals two clear
tidal streams, of which one still hosts an easily recognis-
able remnant (CenA-MM-Dw3), at least two shell-like
features in the inner regions of the galaxy (Shell 1 and
2), and one diffuse “cloud” (Cloud S). The additional in-
homogeneity in the central regions of Cen A is certainly
due to accretion/interaction events, but caution should
be used when analyzing this evidence in more detail, as
the observing conditions for the pointings of interest vary
greatly. As a first, crude comparison to the PAndAS dis-
coveries, our Shell 1 and 2 resemble a scaled-up version
of the NGC205 Loop or the NE Shelf (Ferguson et al.
2005). While our disrupting dwarf CenA-MM-Dw3 does
not have a counterpart in M31 (NGC147 is more lumi-
nous and its tails are fainter and less elongated; e.g.,
Crnojevic´ et al. 2014a), the second stream uncovered
by PISCeS is similar to Stream C or D to the South-
East of M31 (e.g., Ibata et al. 2007; Lewis et al. 2013).
As already mentioned, our Cloud S can be compared
to the feature called the SW Cloud (Bate et al. 2014),
even though the former is fainter and less spatially de-
fined. The faintest feature in PAndAS is Stream A, at
µV,0 ∼ 32 mag arcsec
−2 (Ibata et al. 2007), while our
faintest prominent feature (which we dub Dw3 NW) is
located to the North-West of the stream of CenA-MM-
Dw3, although it probably does not belong to the latter.
We estimate Dw3 NW to have µV,0 ∼ 30.5 mag arcsec
−2
based on the conversion from RGB number density to
surface brightness of CenA-MM-Dw4 (see Fig. 10), i.e.,
the closest dwarf to Dw3 NW. The overall number of
stream-like features in the halo of M31 seems to be higher
than that found for Cen A, down to the PISCeS surface
brightness limit, which is surprising given that the mass
of Cen A is likely higher (∼ 1012M⊙ within the innermost
90 kpc, Woodley et al. 2007). However, simulations pre-
dict a large variety in the number of accretion and merger
events experienced by a MW-mass halo, and our PISCeS
Cen A map roughly compares to “Halo A” in Fig. 6
of Cooper et al. (2010), in terms of number of features
above a surface brightness of µV,0 ∼ 30.5 mag arcsec
−2.
Moving on to satellites, our discovery of 9 robust Cen A
candidates from PISCeS can be compared to the M31
dwarfs discovered by the PAndAS survey. Once our
survey is completed, by simply rescaling the number of
discoveries to date to the final area we expect to find
∼ 6± 2 more satellites, which is fully consistent with the
14 dwarfs found in PAndAS over a similar projected area
and within the same magnitude range (−13 . MV . −7;
see, e.g., Richardson et al. 2011). A more quantitative
estimate of the faint end of the satellite luminosity func-
tion for Cen A will be presented once the full dataset is
acquired.
Fig. 17 shows the global properties of the robust
newly discovered satellites in the context of LG dwarfs
(including CenA-MM-Dw1 and CenA-MM-Dw2 from
Crnojevic´ et al. 2014b). The two samples cover simi-
lar regions in the absolute magnitude vs central surface
brightness and half-light radius vs absolute magnitude
space. However, two of the PISCeS Cen A satellites have
outlying properties in these distributions, i.e., they are
very diffuse, with low surface brightness and large half-
light radii for their absolute magnitude. Of these two ob-
jects, CenA-MM-Dw1 does not show any sign of distor-
tion, while CenA-MM-Dw3 is clearly in an advanced tidal
disruption phase. Despite this strong evidence, the pos-
sible location of CenA-MM-Dw3 behind Cen A and the
uncertainty on its distance measurement imply that we
cannot conclusively state that it is gravitationally bound
to Cen A; our upcoming HST imaging will be crucial to
definitively assess the distance of CenA-MM-Dw3. With
its large extent and very low surface brightness, CenA-
MM-Dw3 is one of the most extended and least dense
objects known at its luminosity, together with another
recent discovery of the PISCeS survey, i.e., the elongated
Sculptor satellite Scl-MM-Dw2 (Toloba et al. 2016, but
see also Romanowsky et al. 2016). These two satellites
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Fig. 17.— Left panel : Absolute V -band magnitude as a function of half-light radius for: MW/M31 dwarf galaxies (black points/triangles,
from McConnachie 2012; Sand et al. 2012; Crnojevic´ et al. 2014a; Drlica-Wagner et al. 2015; Kim et al. 2015; Kim & Jerjen 2015;
Koposov et al. 2015; Laevens et al. 2015a,b; Martin et al. 2015); previously known (“classical”) Cen A satellites (purple points, updated
from Sharina et al. 2008); our newly discovered Cen A dwarfs (red stars); the remnant of the tidally disrupting CenA-MM-Dw3 (large red
star); the newly discovered NGC 253 satellites found in PISCeS (yellow squares, Sand et al. 2014 and Toloba et al. 2016); and the new
faint, diffuse galaxies found in Virgo and Coma by Mihos et al. (2015) and van Dokkum et al. (2015), respectively (black asterisks and
grey diamonds). Right panel : Central V -band surface brightness as a function of absolute magnitude (symbols as before). The newly
discovered Cen A companions have similar properties to those of LG dwarfs, except for the tidally disrupting CenA-MM-Dw3 which has a
large half-light radius and low surface brightness for its absolute magnitude, similarly to Sagittarius in the Local Group, Scl-MM-Dw2 in
Sculptor, and to the recently discovered diffuse Virgo galaxies. The new Cen A satellites have a consistently lower surface brightness than
the “classical” Cen A satellites, and most of them have lower luminosity as well.
are comparable only to Sagittarius within the LG, how-
ever their properties can be compared to the recently dis-
covered faint and diffuse galaxies in the Virgo and Coma
clusters by Mihos et al. (2015) and van Dokkum et al.
(2015), respectively. In particular, the two PISCeS ob-
jects have lower absolute magnitudes, but similar half-
light radii and central surface brightness values to these
unusual Virgo galaxies (see Fig. 17). The latter have
been claimed to belong to a new class of extremely faint
galaxies, and we clearly demonstrate that similar ob-
jects are also found in the Cen A and Sculptor groups.
This result still holds even if we consider that the orig-
inal (unperturbed) luminosity of CenA-MM-Dw3 might
have been ∼ 2 mag brighter than what we measured
(see Sect. 4.2.3). CenA-MM-Dw3 is a heavily disrupt-
ing galaxy, and Scl-MM-Dw2 is likely ongoing a strong
tidal interaction as well: this suggests that the Virgo
and Coma diffuse galaxies might as well be experienc-
ing disruption, but their tidal features, even if present,
could not be detected within the surface brightness limits
of these surveys (µV,0 ∼ 29 − 27 mag arcsec
−2, respec-
tively).
In the same plots, we also include the “classical” Cen A
satellites. We choose to consider dwarfs for which re-
solved stellar studies are available from the literature,
even though some of them have also structural parame-
ters derived from integrated light (see, e.g., Jerjen et al.
2000). We include those dwarfs for which structural
parameters have been derived by Sharina et al. (2008),
and for which TRGB distance measurements are avail-
able from Karachentsev et al. (2007). There are a dozen
additional “classical” Cen A satellites in the magni-
tude range −15 . MV . −10 (see Karachentsev
2005; Karachentsev et al. 2007), but no structural pa-
rameter measurements are available in the literature
for those. The original Sharina et al. (2008) distance
moduli and extinction values are updated following
Karachentsev et al. (2007) and the NASA Extragalactic
Database9, respectively. The new and previously known
satellites are clearly distinct in their properties. While
part of this is due to the different techniques used in
deriving the parameters, the “classical” Cen A satel-
lites certainly have a significantly higher central surface
brightness/luminosity with respect to the new ones (see
the right panel in Fig. 17). Interestingly, but perhaps
unsurprisingly, all of the new objects, except for two, are
fainter in absolute magnitude than the “classical” ones,
demonstrating the effectiveness of PISCeS in extending
the faint end of the satellite luminosity function for this
elliptical galaxy. The newly discovered satellites bracket
the previously known ones in terms of half-light radius,
i.e., a few of them have smaller values and others much
larger values. The two dwarfs with brighter magnitudes
are very diffuse, which is likely why they were discovered
by PISCeS and not previous work.
Finally, none of the newly discovered dwarfs are de-
tected in neutral gas, as determined from the HI Parkes
All Sky Survey (HIPASS; Barnes et al. 2001). We de-
rive 5 σ upper HI mass limits for our dwarfs and re-
port them in Table 3. HIPASS is not sensitive enough
to confirm or exclude the presence of HI in most of
our targets, but we find an interesting upper limit of
MHI/L∗ . 0.4M⊙/L⊙,B for CenA-MM-Dw3. Our lumi-
nosity estimate for this object is a lower limit given its
disrupting state, and thus the HI mass to light ratio is
certainly even lower than the limit we derive, hinting at
a genuine lack of gas for this dwarf. Previous HI studies
of Cen A early-type satellites only find upper limits of
MHI . 7 × 10
5M⊙ with MHI/LB . 0.25M⊙/L⊙,B for
this class of objects (Bouchard et al. 2007), suggesting
that the environment of Cen A is very effective at re-
moving gas reservoirs in these low-mass dwarfs (see also
Crnojevic´ et al. 2012).
We explore the possibility that the new PISCeS dwarfs
9 http://ned.ipac.caltech.edu/
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belong to one of the Cen A planes of satellites recently
described by Tully et al. (2015). In the cartesian Su-
pergalactic coordinates plane (Tully et al. 2015, see the
upper panel of their Fig. 1), these planes appear as thin,
almost parallel distributions of satellites. Most of our
new dwarfs seem to land on top of one of the planes:
CenA-MM-Dw1/2/3/4/6 belong to Plane 1, CenA-MM-
Dw7/8/9 are closer to Plane 2, while CenA-MM-Dw5
is found at an intermediate position between the two
planes. Until velocities are obtained for the new satel-
lites, the origin of these planes remains speculative.
In future contributions, we will further exploit this
promising dataset in conjunction with our approved HST
follow-up imaging, which will be completed in mid-2017.
In particular, we will investigate the smooth versus dis-
crete halo profile and stellar content of this elliptical (as
done by the PAndAS and SPLASH surveys of M31, e.g.,
Ibata et al. 2014; Gilbert et al. 2012); the satellite lu-
minosity function of Cen A as well as our observational
detection limits (see, e.g., Chiboucas et al. 2013, for M81
satellites); the star formation histories and metallicities
for the newly discovered dwarfs; and the star forming
regions in the inner part of Cen A (e.g., Kraft et al.
2009; Neff et al. 2015a,b). The HST dataset will also
put firmer constraints on the distances to the newly dis-
covered satellites and halo features.
We conclude by underlining the crucial role played by
our resolved PISCeS survey in characterizing the stellar
populations of nearby galaxy halos, including tidal fea-
tures and faint satellites, out to unprecented galactocen-
tric distances. Surveys such as this represent a first step
in the observational census of nearby galaxy halos and
their inhabitants, allowing for the first time such inves-
tigations to be pushed beyond the limits of the LG and
acting as prototype science cases for the next generation
of ground-based and space-borne telescopes.
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